We examined effects of mist quantity, topophysis (origin of cutting in the crown of 6-year-old trees), maturation state of the donor stock, and time of sticking on rooting and root system quality of cuttings representing five full-sib hybrid larch families obtained with Larix decidua Mill., L. laricina (du Roi) K. Koch, and L. kaempferi (Lamb.) Sarg. (Sieb. and Zucc.) Gord., as parents. Mist frequency, supplemental watering and family all had highly significant effects on percentage of cuttings rooting and root system quality. The high-frequency misting regime yielded both higher rooting percentages and higher quality root systems than the low-frequency regime without supplemental watering. Supplemental watering of the rooting medium in the low-frequency misting regime increased both percent rooting and root system quality to values comparable with those obtained by cuttings in the high-frequency misting regime. Rooting of cuttings from the top, middle and bottom whorls of 5-year-old plantation grown trees tended to decline with increasing height for three of the five families. Overall, height of cutting origin did not significantly affect rooting, but when analyzed separately, two families exhibited a significant decline in rooting toward the top of the trees. Age of donor ortet (ranging from 1 to 7 years) significantly affected both percent rooting and root system quality. Rooting percentages declined linearly with age, and root system quality declined more sharply than percent rooting. The relatively poor root system quality of cuttings from ortets older than 1 year was closely associated with plagiotropic growth. Softwood cuttings (stuck in mid-July) rooted better than hardwood cuttings (stuck in early September) across all families.
Introduction
Larch species, including the native tamarack, European and Japanese larch (Larix decidua Mill., L. laricina (Du Roi) K. Koch, and L. kaempferi Lamb. Sarg. (Sieb. and Zucc.) Gord., respectively) and their hybrids grow well on welldrained sites with deep soil (e.g., Gilmore et al. 1994 , Baltunis et al. 1998 . Larch hybrids are the fastest growing conifers in the northeastern USA, with height growth rates greater than 1 m year -1 on good sites (Baltunis et al. 1998 ). In addition, compared with spruce and fir, larch wood has a higher specific gravity and comparable fiber length, and therefore has the potential to produce good quality lumber, plywood, and poles. Several unpublished studies on the pulping characteristic of larch indicate that it is a potentially useful pulp species, and high-quality pulp can be produced if larch is mixed with other softwoods or hardwoods (References 59 and 124 in Carter and Maass 1991) . Some hybrid larch plantations in Maine are currently growing at a rate that should support a 20-30-year rotation for both fiber and timber production.
Successful hybrids have been made among tamarack, European and Japanese larch by controlled crosses (Eysteinsson et al. 1993 ). All of these crosses exhibit hybrid vigor where growth rates of progeny from interspecific crosses are greater than the growth rates of intraspecific crosses involving either parent (Baltunis et al. 1998 ). In addition to enhanced growth, the hybrid Larix × eurolepis A. Henry (European × Japanese) has a higher resistance to larch canker than either of the parents (Paques 1992) , and higher resistance to early frost than that exhibited by the Japanese parent (Reimenschneider and Nienstaedt 1983, Baltunis et al. 1998) . Mass production of hybrids by using controlled crossing or two-clone orchards is limited by the cost of making controlled crosses, the possibility of mismatch between time of female receptivity and pollen flight in open-pollinated clonal orchards, and the low seed set and seed viability of some crosses (Paques 1989 , Eysteinsson et al. 1993 .
In an outdoor seed orchard located at Unity, Maine, controlled crosses yielded an average of 62 seeds per cone with a mean germination rate of 51% for Japanese × European and European × Japanese crosses (B. Baltunis and K.R. Peer, University of Maine, unpublished data). We are currently evaluating the possibility of combining rooted cuttings with controlled crossing to bulk up the number of individuals from specific hybrid families for field planting. Optimal rooting is a function of conditions on the rooting bench as well as donor ortet age and genotype, position in the crown where the cutting is taken, and developmental state of the cuttings as the shoot completes its seasonal development. Greenwood et al. (1980) found that variation in mist frequency on the rooting bench accounted for 75% of the varia-tion in rooting success of loblolly pine (Pinus taeda L.), indicating that the amount and uniformity of mist-fall must be optimized. In addition, rooting success declines with increasing tree size and age for most species, and cuttings from older trees may exhibit plagiotropic growth if rooting is successful (Libby and Conkle 1966 , Morgenstern et al. 1984 , Morgenstern 1987 , Greenwood and Hutchison 1993 , Kretzschmar and Ewald 1994 . Carter (1984) found no differences in rooting of cuttings taken from larch ortets ranging in age from 19 to 41 years; however, all of the ortets may have already been physiologically mature. Greenwood et al. (1989) showed that there was a large decrease in rooting of Larix laricina cuttings between 1 and 5 years.
The effect of crown position on rooting (topophysis) is most likely related to maturation. The terminal shoot of the tree may be more mature physiologically, perhaps because it has undergone more cell divisions than the laterals, making it developmentally older (Greenwood and Hutchison 1993) . Therefore, cuttings taken from the lower parts of a tree should root more readily. This has been demonstrated in Tsuga heterophylla (Raf.) Sarg. (Foster and Adams 1984) . Morgenstern (1987) compared rooting of cuttings from different positions in the crown of 3-6-year-old Larix laricina and found that 68% of cuttings from the lower branches rooted compared with 60% of cuttings from upper branches.
The time of year that larch cuttings are taken affects rooting (Cook and Frommer 1965 , Okada 1969 , John 1979 , Farmer et al. 1986 , Morgenstern 1987 , Edson et al. 1991 . These studies compared rooting by softwood cuttings (taken in spring after long shoot bud break), slightly lignified semi-hardwood cuttings (taken in mid-to late summer), and hardwood cuttings (taken in winter after bud set). Highest rooting rates (> 80%) were exhibited by softwood and semi-hardwood cuttings, whereas < 50% of hardwood cuttings rooted.
We examined effects of mist quantity, topophysis, maturation state of the donor ortet and the time the cutting was taken on percentage and quality of the root system of larch cuttings representing both inter-and intraspecific hybrid families.
Materials and methods

Effects of mist quantity and supplemental watering on rooting
We used seed from five full-sib crosses, designated JE25, TT16, EE21, TE65 and EJ42, where T, E and J refer to tamarack (Larix laricina), European larch (L. decidua), and Japanese larch (L. kaempferi), respectively. These families were chosen based on growth performance after 5 years in the field (Baltunis et al. 1998 ). The first letter of each cross refers to the female parent. On December 15, 1995, seeds from these families were sown on wet filter paper in 9-cm petri dishes and placed in a growth chamber in a 16-h photoperiod with a day/night temperature of 28/19 °C.
Germinated seedlings were transferred to 118-cm 3 Ray Leach Superstubby cells (Hummert International, Earth City, MO) containing a 2:1:1 (v/v) mix of peat moss:sand:vermiculite. Slow-release fertilizer (Osmocote 3-4 month, N,P,K 17,6,12 plus minor elements; Sierra, Milpitas, CA) was added to the soil at a rate of 1.13 g m -3 , and the containers were watered daily. On February 28, 1996, the containers were moved from the growth chamber to a greenhouse and kept at 28°C in natural sunlight supplemented with high-pressure sodium lamps to provide a 16-h photoperiod.
On June 5, 1996, 25 seedlings from each family were transplanted to 4.5-liter plastic pots (Model CL-300, Hummert International) filled with the peat moss:sand:vermiculite medium described above. Supplemental light was discontinued at this time. When the seedlings reached a height of 50 cm, the plants were hedged by removing the terminal 5 cm of all the long shoots. This height was maintained by periodic pruning. The plants were kept in the greenhouse, and supplemental light was provided again starting in September to encourage continuous growth until cuttings were taken.
Two rooting benches, each 1.2 m wide and 6 m long, were enclosed by 91-cm high fiberglass panels. The two benches were located side by side near the center of a greenhouse equipped with swamp coolers and air circulation fans. Ambient light and temperature were similar for both benches. A 1.9-cm PVC mist line was run underneath the center of each bench with five 0.6-m tall risers placed every 1.2 m. Stato-flo jet misters (Hummert International) were attached to the top of the risers. Solenoids, which were controlled by a Gemini 6 mist control box (Hummert International), were installed on each bench. Bench 1 was misted for 10 s every 10 min (Mist 1) and Bench 2 was misted for 6 s every 16 m (Mist 2). Mist-fall (collected throughout the bench in 9-cm petri dishes) on Benches 1 and 2 was 0.4 ± 0.008 and 0.15 ± 0.003 mm cm -2 h -1 , respectively. On April 1, 1997, 200 5-cm long cuttings from each of the five families were removed from the hedged seedlings with a razor and stuck in Ray Leach Superstubby cells filled with a 1:1 (v/v) mix of peat:perlite. Ten blocks, each containing 50 cuttings (10 from each family) arranged randomly, were located on each bench. Within each bench, half of the blocks were chosen at random for daily hand watering, resulting in two treatments within each bench, for a total of four treatments referred to as: Mist 1, Mist 1 + hand watering, Mist 2, and Mist 2 + hand watering. Within each treatment, the 250 cuttings were divided among five complete blocks located at random within each mist regime. Each block contained 10 individuals per family arranged at random. Cuttings remained on the bench until June 10, 1997. During this time, temperature ranged from 22 to 30 °C.
On June 10, 1997, the cuttings were removed from the benches and the percentage of cuttings forming roots was determined. In addition, the quality of each root system was estimated: 0 = no roots; 1 = one root; 2 = more than one root located on the same side of the cutting; 3 = more than one root but on opposite sides of the cutting; and 4 = multiple roots radially arranged around the base of the cutting.
Effects of crown position on rooting
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same five full-sib families growing in a 5-year-old progeny test in northwestern Maine (Baltunis et al. 1998 ). Ten 5-cm-long cuttings were taken from the top, middle and bottom third of the live crown of each of five trees per family for a total of 150 cuttings per family. Cuttings were immediately placed between wet paper towels in a cooler on ice. The cuttings were stored overnight between wet paper towels at 4°C. On July 14, 1997, cuttings were stuck in cells as described above. All of the cuttings were placed on a rooting bench with a mist regime of 12 s every 10 min from one hour before sunrise to one hour after sunset. The cuttings were arranged in five random complete blocks with each block containing 10 cuttings per crown location per family for a total of 150 cuttings per block. Because ambient light was reduced by about 67% as a result of whitewash applied to the greenhouse, supplemental light from three 400-W HPS lamps (PIL Systems, St Thomas de Joliette, PQ, Canada) was provided from 0600 to 1900 h for a total of 13 hours beginning August 11, 1997. The cuttings were lifted on September 22, 1997, and rooting assessed as described above.
Effect of ortet age on rooting
On July 20, 1997, seven open-grown hybrid larch plantations established between 1990 and 1996 were selected on Plum Creek Timber Company land at Johnson Mountain Township, Maine. All of the stock used to plant the seven plantations were grown from seed produced by a hybrid larch seed orchard in von Lochow, Germany, where ramets of a single European larch female parent were open pollinated by several Japanese larch parents. One hundred 5-cm cuttings were excised with a razor blade from the top whorl of trees in each of the plantations. No more than five cuttings were taken from an individual tree, and the number ranged from one to five, depending on the size of the tree. The cuttings were stuck on July 21, 1997, and arranged on a rooting bench in five complete blocks, with 20 cuttings per age class per block for a total of 140 cuttings per block. All of the blocks were misted for 12 s every 10 min, from one hour before sunrise to one hour after sunset. On August 11, 1997, supplemental lighting was provided. The cuttings were lifted on September 29, 1997, and rooting assessed.
Thirty cuttings from each of the seven age groups were transplanted to 2.2-l containers filled with 1:1 peat:perlite medium, and kept in a heated greenhouse in a 16-h photoperiod with supplemental lighting. The cuttings were blocked by age group, but the blocks were moved periodically to minimize effects of environmental variation. After 3 months of growth, cutting survival, height growth, and angle of deviation of the main shoot from the vertical were measured.
Effect of date of cutting on rooting
On September 2, 1997, five trees from each of the five larch families at the Johnson Mountain site were chosen as donors of late-season cuttings. These trees were adjacent to the trees that supplied the cuttings taken on July 14, 1997. Ten 5-cm cuttings per tree were removed from the top whorl, for a total of 50 cuttings per family, and stuck the following day as previously described.
All of the cuttings were placed in a mist regime of 12 s every 10 min from one hour before sunrise to one hour after sunset. The rooting bench and mist regimes were the same as those used for the softwood cuttings in the crown position study on July 14. The cuttings were arranged in five random complete blocks with 10 cuttings per family per block for a total of 50 cuttings per block. Supplemental light was provided from 0600 to 1900 h for a total of 13 hours, to compensate for the decreasing day length. Cuttings were lifted on November 10, 1997, and rooting was assessed as described above.
Statistical analysis
Data were evaluated by ANOVA for complete random blocks using Systat version 5.0 and 7.0 (Systat Inc., Evanston, IL). For root quality score, the ANOVA model included the effects of treatment, block and family and all interactions. Root quality score is directly proportional to the number of roots per cutting, and can therefore be considered an additive value, which is appropriate for analysis of variance (Warren 1986 ). The error term for the main effects of mist, water and their interaction on rooting score was mist and water nested within block. The error term for the main effect of family and all interactions involving family on rooting score was water and mist nested within family × block. For rooting percentage, the model included only treatment, family and their interaction, because there was no replication of estimate of percent rooting within each block. Unless otherwise specified, the residual error was used to test the main effects and interactions.
Results and discussion
Effects of mist quantity and supplemental watering on rooting
Significant effects of mist (P < 0.001), supplemental watering (P < 0.025), family (P < 0.001) and mist and watering nested within block (P < 0.001) were observed for root system quality score (percentage of cuttings with a score of three to four is shown above bars in Figures 1A and 1B) . Although the mist treatments were not replicated, both benches were located side by side near the center of the greenhouse parallel to its long axis, so variation in ambient light and temperature would have been similar for both benches. Also, the replication of blocks within each bench should adequately sample this variation, assuming it is similar for both benches. Therefore, differences attributed to misting frequency were unlikely to have been confounded by differences in light or temperature between benches.
Significant effects of mist (P < 0.001), supplemental watering (P < 0.001) and family (P < 0.031) were observed on percent rooting (Figure 1) . Percent rooting and root quality score were closely correlated (r = 0.87, P < 0.001), and were higher for cuttings in the Mist 1 regime without supplemental watering than for cuttings in the other treatments ( Figure 1A) . The five families responded differently to the mist regimes without supplemental watering for both percent rooting and score, which accounts for the significant mist × family interactions (P < 0.001 and P < 0.016, respectively). When supplemental watering was provided, family responses to the two mist regimes were similar (cf. Figures 1A and 1B) . Cuttings in the Mist 2 regime without supplemental watering had relatively poor root systems, with almost no cuttings in classes three or four ( Figure 1B) .
The Mist 2 regime with supplemental hand watering significantly increased both percent rooting and root system quality score compared with cuttings in the Mist 1 regime with supplemental hand watering. The contrasting effects of supplemental watering in the two mist regimes accounted for the significant mist × water interactions (P < 0.025 for % rooting, P < 0.001 for score). In the Mist 1 regime, supplemental watering did not increase overall rooting, and the family × water interaction was not significant for either root system quality score or percent rooting, indicating that all families responded similarly to supplemental watering. Family effects were significant for root system quality score (P < 0.001) and percent rooting (P < 0.03). Block effects on rooting score were significant (P < 0.001), probably because of non-uniformity of mistfall within the mist benches. The use of fixed nozzles with a radial pattern caused variation in mist-fall because of overlap, so that some cuttings may not have received optimal mist-fall.
In summary, cuttings in the Mist 1 regime without supplemental watering exhibited the best overall rooting (70 versus 66% with supplemental watering) and the highest proportion of good root systems (41% with a score of three to four versus 40% with supplemental watering). There was less variation in rooting among the five families without supplemental watering (58-88%) than with supplemental watering (40-94%). The finding that water applied directly to the medium in the Mist 2 regime instead of the foliage increased rooting indicated that the cuttings have some capacity to take up water through the stem base. The Mist 2 regime was suboptimal; although supplemental watering partially compensated for lack of mist-fall by increasing rooting percentage, the most striking improvement was in root system quality. In the Mist 1 regime, supplemental watering was associated with a slight decrease in the percentage of cuttings with good-quality root systems in four of the five families. Excess water can lead to increased fungal disease or increased leaching of foliar nutrients from the cuttings, or both; however, no signs of fungal disease were observed. Nutrient leaching from the foliage could also result from prolonged mist runoff. There were no major interactions in family response to mist regime. Among treatments, the Mist 1 regime without supplemental watering supported the highest percent rooting and the highest root system quality score.
Effect of crown position rooting
Overall, location of cutting origin within the crown did not have a significant effect on root system quality score (P < 0.7047) or percent rooting (P < 0.25). Rooting by cuttings from families TE65, EJ42 and TT16 decreased with increasing height, whereas cuttings from family EE21 showed the opposite trend. However, the family × height interaction was significant for both percent rooting (P < 0.009) and root system quality score (P < 0.002). Rooting decreased with increasing height in the crown for three of the five families (TE65, EJ42, and TT16), with P values ranging from 0.095 to 0.002 (see Figure 2) . Although root system quality score (shown in Figure 2 as % cuttings with a score of three to four) showed a tendency to increase with increasing rooting percentage in most experiments, in this particular experiment root quality score did not show a consistent response to height within crown.
Family effects were highly significant for both root system quality score and percent rooting (P < 0.001) and family rankings were similar to those observed in the misting study, except that cuttings from family JE25 performed less well. Block effects were highly significant (P < 0.007).
In summary, although the results of this experiment do not reveal a statistically significant maturation-related decline in rooting with whorl height, this trend was observed in three of the five families. However, there was not a corresponding decline in root quality score with height (see Figure 2) . One family, EE21, tended to show increased rooting with tree height, the opposite of the expected trend (Greenwood and Hutchison 1993) . All the trees used as cutting donors were about the same age and size, and were growing in the same location; therefore, we cannot attribute the differences in family response to unique environmental conditions. The expected trend of decreased rooting with height was observed in three of five families, which confirmed several previous observations that rooting tends to decline with tree height (e.g., Foster and Adams 1984) , but also indicated that there may be exceptions for some families. The trees used here were only 6 years old, so a developmentally related decline in rooting may not have had time to develop in some families.
Effect of ortet age on rooting
Age of the donor ortet significantly affected both percent rooting and root quality score (P < 0.001, see Figure 3 ), with percent rooting exhibiting a significant linear decline with age ( Figure 3A ). Although the effects of age of the donor ortet may have been confounded by plantation, age-related trends in percent rooting and root system quality were observed. The effect of age on root system quality score declined nonlinearly with age ( Figure 3B ). The decline in rooting with age for von Lochow E × J hybrid larch was more pronounced that that reported for eastern larch (Greenwood et al. 1989) . Cuttings from 1-year-old ortets rooted well (almost 100%), and 81% received a root quality score of four. Compared with cuttings from 1-year-old ortets, cuttings from 3-to 7-year-old ortets rooted less well (37%) and only 5% received a score of four. Bonferroni multiple pairwise comparison tests revealed that there was no difference in percent rooting or root quality score of cuttings taken from donors aged 1 to 2 years. There was a close relationship between root system quality and tendency for orthotropic growth. Cuttings from 1-year-old ortets produced the highest quality root systems, rooting percentage and survival, and most of the cuttings exhibited orthotropic growth (see Figure 3B ). Ritchie and Long (1986) speculated that plagiotropism exhibited by micropropagated plantlets of Douglas-fir was associated with some "property of the root system." Ritchie et al. (1997) evaluated the effects of shading and root confinement on plagiotropism of 1-year-old plants and concluded that both shaded conditions (47% shade cloth) and root confinement (by continued growth in 2.5 × 16 cm plastic containers) contributed to a slight but significant increase in plagiotropism. Timmis et al. (1992) showed that when an orthotropic Douglas-fir seedling shoot was grafted onto a plagiotropic rootstock, the seedling scion also grew plagiotropically even when staked upright, whereas shoots from plagiotropic plants tended to grow orthotropically when grafted onto seedling rootstock. Timmis et al. (1992) hypothesized that plagiotropic growth results from "a radial asymmetry in growth substance distribution" that arises because most Douglas-fir roots arise from only one side of the cutting. Our results support the hypothesis that symmetrical arrangement of regenerated roots around the base of the cutting is necessary for orthotropic growth.
Effect of state of shoot development on rooting
Cuttings taken on July 13 rooted better than hardwood cuttings taken on September 3, and the effect of date was highly significant (P < 0.001) (see Figure 4) . However, these results may have been confounded by different conditions on the rooting bench between July and September. Statistical analysis of scoring could not be performed because of low overall rooting in the hardwood cuttings. Family effects were not significant for hardwood cuttings (P < 0.416), but were significant when results for both dates were combined (P < 0.03). The family × date interaction was not significant (P < 0.224).
Our results support the findings of John (1979) stern (1987) who observed that larch softwood cuttings exhibit higher rooting (54%) than hardwood cuttings (9%). We conclude that the time the cuttings are stuck affects rooting, but further trials comparing a wider range of dates are needed.
Conclusions
The data obtained in this study indicate that both rooting and quality of rooted cuttings can be enhanced during vegetative propagation of larch. Because maturation occurs rapidly in hybrid larch, hedging is recommended within the first year to maintain the juvenile characteristics that enable a high percentage of rooting and root quality. However, the optimum time and severity of hedging needed to maintain the juvenile state were not determined. We obtained evidence that orthotropic growth of rooted cuttings may depend on the symmetrical arrangement of regenerated roots around the cutting base. Root system quality was closely correlated with the tendency to root well, which varied by family and depended on optimal rooting conditions. Cuttings taken from elongating long shoots in mid-summer rooted better than shoots from hardened-off long shoots in late summer. We do not know if this is because of the condition of the cuttings or conditions on the rooting bench. PEER AND GREENWOOD TREE PHYSIOLOGY VOLUME 21, 2001
Figure 4. Percent rooting (± one standard error) of cuttings of softwood and hardwood origin from 5-year-old trees from five full-sib hybrid families.
